ABSTRACT
INTRODUCTION
One of the main challenges in the design of biomaterials is the prevention of bacterial infections [1] , which can lead to the formation of pathogenic biofilms and, later, infectious complications. One of the methods used to prevent bacterial adhesion is the modification of surfaces with antibacterial agents, among which heavy metals, antibiotics, and phenols are commonly used. However, these antibacterial agents are gradually released and, depending on the type of agent, can have toxic effects on the organism [2, 3] . Therefore, highly biocompatible antibacterial agents such as quaternary ammonium salts and natural polymers as the chitosan (Ch) could be used. The latter is one of the most abundant polymers in nature; chitosan is biocompatible and possesses antimicrobial activity [4] [5] [6] . However, films prepared from Ch exhibit poor mechanical strength and are brittle [7] , which limit its use in biomedical applications. Due to the above, it is necessary to combine the chitosan with other polymers, to obtain materials with better mechanical properties.
Polyurethanes (PUs) are polymeric materials widely used in medical settings. One of the main applications of PUs is as a biostable material, specifically as a coating for urinary catheters, breast implants and pacemakers [8] due to their mechanical properties and good biocompatibility, which also allow them to be used in the production of non-absorbable sutures [9, 10] . Additionally, PUs can promote the growth and restoration of tissues, making them candidates for use in soft and bone tissue engineering [11] [12] [13] [14] . Despite these advances, PUs must overcome limitations, such as their low hydrophilicity, that can affect cell proliferation [15] and favour bacterial growth, which is undesirable in materials used for the manufacture of scaffolding for the regeneration of soft and bone tissues [3] .
The properties of PUs are easily modified by changing their chemical structure and combining them with other polymers, which has improved their acceptance in the medical sector and allowed the development of new properties such as antimicrobial activity and degradability [8, 13, 16, 17, 18, 19] . Kara et al. (2014 Kara et al. ( , 2015 modified PU surfaces by incorporating Ch to develop materials with antimicrobial activity that can be used for the fabrication of urinary catheters [3, 20] .
Castor oil is raw material widely used for PU production [21] , castor oil is composed mainly of ricinoleic acid triglyceride in a relative weight proportion of 90-95%; the remaining percentage is composed of other fatty acids such as linoleic and oleic fatty acid [22] . The triglyceride formed by ricinoleic acid contains several hydroxyl groups ( OH) in its structure. Therefore, castor oil can be used directly as a raw, renewable material for the preparation of Pus. However, PUs synthesized with pure castor oil exhibit poor mechanical properties due to their low crosslinking density [23] , which affects their use in bone tissue regeneration applications. Therefore, chemical modification procedures are required. The chemical modification of castor oil by transesterification with polyhydroxy alcohols increases the functionality of ricinoleic acid triglycerides through the introduction of hydroxylic groups. This causes an increase in the crosslinking density of the resulting PUs, improving their mechanical properties [24, 25] .
In previous work carried out by Arevalo et al. (2016) [26] , polyurethanes were synthesized from pure castor oil and isophorone disocyanate, incorporating different amounts of chitosan, by simple physical mixing. The formulations did not affect the viability of L929 fibroblasts and exhibited antibacterial activity against S. aureus and E. coli. However, they presented low values of tensile strength and strain at fracture, which could limit their use in biomedical applications. The mixture of Chitosan with polyurethanes synthesized from chemically modified castor oil can result in the obtaining of biocompatible materials obtained from renewable sources and with better mechanical properties which can be used for medical devices.
In this study, PU-type materials were synthesized from isophorone diisocyanate and castor oil with and without chemical modification by transesterification with pentaerythritol, incorporating chitosan as an additive. The aim of the study was to evaluate the effect of the incorporation of different chitosan concentrations (0.5, 1.0 and 2.0% w/w) on the physicochemical, physicomechanical and in vitro biocompatibility of PUs. Additionally, the study aimed to determine, based on an analysis of its properties, the degree of acceptance of these PUs for biomedical applications.
METHODOLOGY

Materials
Castor oil was obtained from Ciacomeq S.A.S., Colombia, with (OH) hydroxyl number 160 mg KOH/g. Pentaerythritol and lead oxide (PbO) were obtained from Merck & Co., Germany. Low molecular weight chitosan with a degree of deacetylation higher than 75% was obtained from Sigma Aldrich (USA). Isophorone diisocyanate (IPDI) was obtained from Merck (USA), and potassium bromide (KBr) was obtained from Thermo Scientific (USA). Phosphate buffered saline (PBS) was prepared by dissolving NaCl (5.85 g), KH 2 PO 4 (0.6 g) and Na 2 HPO 4 (6.4 g) (all obtained from Merck USA) in 1 L distilled water. The pH of the solution was adjusted to 7.4 by adding HCl and NaOH (0.2 M) solutions (Bakhshi et al., 2014) . For cell culture and viability, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide)(0.5 mg/ml), trypsin 2.5% (10X), Penicillin-Streptomycin (contains 10,000 U penicillin and 10,000 µg streptomycin per millilitre), RPMI 1640, DMEM (Dulbecco's Modified Eagle Medium) mediums (Gibco/Invitrogen, UK), fetal bovine serum (FBS) (Eurobio, France), and L929 mouse fibroblasts (ATCC CCL-1) were used.
Modification of Castor Oil by Transesterification with Pentaerythritol
The transesterification reaction was performed in a glass reactor flask with constant stirring (200 rpm) and temperature (210°C) for 2 hours. Pentaerythritol (modifying agent) and lead oxide (catalyst agent) were added in weight proportions of 1.32% and 0.05% with respect to the oil, respectively, based on previous investigations by Valero and Diaz (2014) 27. Polyols were characterized by hydroxyl number determination according to ASTM D1957-86 method, in order to measure the number of hydroxyl groups (-OH) of the polyols after chemical modification.
PU Synthesis
PU synthesis was performed in a single step. The unmodified (CO)/modified (PO) oil and the isophorone diisocyanate were mixed in a NCO/OH:1 ratio [30] , to obtain a prepolymer that was subsequently subjected to vacuum and poured in a steel mould for a curation period of 12 h at 110°C [28] . Chitosan (Ch) powder was added pure to the reaction mix while maintaining constant agitation (300 rpm) and room temperature (22°C), respectively, without using solvents.
Concentrations of Ch were selected based on previous results from Arevalo et al. (2016) [26] and preliminary laboratory tests results, in which it was observed that when chitosan concentrations higher than 2%w/w were used, no uniform distribution of chitosan was revealed on the material and a large amount of bubbles were produced after the curing process, affecting the adequate measurement of rupture strenght and strain.
Different PU formulations are reported in Table 1 . The PUs used as controls for testing were those obtained from castor oil without modification (PU-CO) and from castor oil modified by transesterification with pentaerythritol (PU-PO), both without chitosan (Ch) incorporation.
Polyurethane Characterization
Mechanical Properties
Stress-strain and Shore A hardness tests were performed to estimate the mechanical properties of the synthesized polyurethanes. The stress-strain tests were performed in a universal tensile machine (UTM) model EZ-LX (Shimadzu, Japan) with a load cell of 5 kN and a vise displacement speed of 10 m min −1 , using type IV specimens according to dimensions established in the ASTM D638 standards. Three samples of each formulation were tested. Shore A hardness was determined using the Shore A hardness method based on ASTM 785 standards, ten measurements of each formulation were evaluated.
Morphology
The effect of chitosan incorporation on changes on the fracture surface of the polyurethanes was examined using Scanning Electron Microscopy (SEM) with a Pro Desktop microscope (Phenom, Netherlands). Samples were placed on carbon tape fixed to metallic pin (Ø12.7 mm, PELCO, Netherlands). The sample excess was removed with compressed air. Then, this pin was placed into a reduction charge holder. The microphotographs were acquired with 5 kV, 1024 × 1024 of acceleration and image resolution, respectively. Finally, two magnifications were used 1500× and 3500×.
Hydrophilic Character
The hydrophilic nature of PUs with respect to the contact angle was determined. Contact angle assays were performed in a Drop Shape Analysis System DSA (GH11, Kruss, Germany) using the sessile drop method with distilled water at room temperature (20 ± 1°C) in accordance with the method of Grzesiak et al. (2015) . The value reported is the mean of ten measurements of each PU formulation.
In Vitro Compatibility
Cell Culture
L929 mouse fibroblasts are widely used in in vitro cytotoxicity tests. Cells were cultured in 25 cm 2 culture bottles with RPMI medium. The medium was supplemented with (10%) bovine fetal serum (FBS) and (1%) penicillin-streptomycin in a 5% CO 2 atmosphere at 37°C. Cells were treated with 0.25% trypsin and resuspended in fresh medium with bovine fetal serum and antibiotics [31, 32] .
PU in vitro Biocompatibility
The in vitro cell viability of the cell line was evaluated upon direct contact with polyurethane samples using the MTT colorimetric method defined in the ISO/ CD 10993-5 (Bakhshi et al., 2013) . Cylindrical 4 mm ± 0.2-diameter and 3 mm ± 0.1 thickness PU samples were exposed to UV radiation for 20 min on each side to maintain sterility [33] . Then, a pre-culture of cells was performed in 96-well plates with RPMI medium supplemented with FBS at 37°C with 5% CO 2 for 24 h. For quantification, the supernatant was removed, and 100 µl of MTT solution (0.5 mg/ml) in PBS was added to each well followed by incubation at 37°C for 4 h. The solution was removed, and dimethyl sulfoxide (DMSO) was added to each well and incubated at 37°C for 15 min. Optical density was read in a microplate reader model iMark™ Microplate Reader (BIO-Rad, USA) at a wavelength of 595 nm. Cells cultured without PU in medium without FBS and in medium with DMSO were used as positive and negative controls, respectively. All assays were performed in triplicate. The cell viability percentage of the L929 mouse fibroblast cell line was calculated using equation (1), where OD is optical density [2] . 
Statistical Analysis
The statistical significance of the differences between the mean values obtained in the different assays were evaluated using analysis of variance (ANOVA) with a significance level of p>0.05. All results are reported as the mean value ± standard deviation. The significant differences between groups were evaluated using Student's t-test and the Software SPSS Statistics All results are reported as the value of the mean ± standard deviation.
RESULTS AND DISCUSSION
Modification of Castor Oil by Transesterification with Pentaerythritol
Polyols were characterized by hydroxyl number determination according to ASTM method D1957-86, in order to measure the number (-OH) of hydroxyl groups of the polyols after chemical modification. After the reaction, the hydroxyl number for the pure oil and the modified oil was 160 and 192 mg KOH g , respectively, this result were similar to previous research [27] [28] [29] , suggesting that polyol functionality was improved.
PU Characterization
Mechanical Properties of PUs
The stress (s), rupture strain (e) and Shore A hardness of PUs obtained from castor oil without modification (PU-CO) and with modification by transesterification with pentaerythritol (PU-PO) with respect to the concentration of Ch are reported in Figure 1 . The PUs exhibited intervals of s, e, and Shore A hardness of 0.65-2.22 MPa, 58.60-80.00%, and 45.70-64.70, respectively. All PUs-PO exhibited higher s values compared to PUs-CO, which is related to the increase in crosslinking density produced by the increase in functionality of the polyol when the number of hydroxyl groups increases, as previously reported by Dave and Patel (2017) and Ramírez et al. (2008) [34, 27] .
The mechanical properties obtained from the PUs-CO are typical of PUs synthesized from CO and IPDI [28] . This can be explained by the low reactivity of castor oil and the low yield of the polymerization reaction when using aliphatic diisocyanates such as IPDI, leaving some -NCO terminal groups [35] and potentially reducing the number of urethane groups formed. PU-PO-Ch2.0 produced a large amount of bubbles after the curation process, affecting the adequate measurement of rupture strength and strain.
The stress (s) and rupture strain (e) of PUs-PO were not significantly affected by the incorporation of Ch (p³0.05). In contrast, PUs-CO showed significant reductions in s with increased Ch concentrations (p£0.05) due to the low interfacial adhesion exhibited by the PU-CO hydrophobic matrix and a hydrophilic biopolymer such as Ch [36] . In previous studies by Arevalo et al. (2016) [26] and Jayakumar and Sudha (2013) [37] , Ch acted as a filling agent in PU-polycaprolactone matrices, forming hydrogen bonds between the functional groups of the components of the polymeric matrix and increasing physical crosslinking between the disperse (Ch) and continuous (PU-PCL) phases of the matrix. By increasing the concentration of the filling agent, the formation of agglomerates is favoured, reducing the contact area between the Ch granules and the PU matrix and affecting the physical crosslinking of the mixture due to the low formation of hydrogen bonds. The formation of inter-molecular interactions between Ch functional groups and the PU matrix can be affected by the low level of formation of urethane-type bonds in PUs synthesized from CO because urethane groups contain proton donors such as the amino group (N-H) and proton acceptors such as the carbonyl group (C O) [38] [39] [40] . The PU-PO-Ch formulations obtained in this study can be used in biomedical engineering applications, such as soft and cardiovascular tissue engineering, as the mechanical resistance of these PUs is similar to that of cardiovascular tissue (1.5 MPa) and soft tissues such as skin (1.0 MPa) [41] [42] [43] . Additionally, they fulfil the physiological rupture strain parameter required for heart applications, which for heart tissues, is on average 60%, according to data reported by Hidalgo-Bastida et al. (2007) [44] . Figures 2 and 3 show SEM microphotographs of pure Ch, PU-CO, and PU-PO with respect to changes in the concentration of Ch. At 1500× and 3500× magnification, the morphology of the PU-PO sample (Figures 3b and d) revealed a more homogeneous surface compared with the PU-CO sample (Figures 2b and d) . The bright points on the surfaces without chitosan are related to unreacted IPDI traces, as studied by Valero et al. (2008) [45] for polyurethanes synthesized from chemically modified castor oil with pentaerythritol and Methylene diphenyl diisocyanate (MDI). These points were analysed by EDS, the bright points observed on the surface of polyurethanes was analyzed using EDS ("Energy Dispersive Spectrometry"), it was confirmed that bright points are unreacted MDI traces [45] . In addition, it was observed that the PU-PO sample (Figures 3b  and d) revealed less points than the PU-CO sample, suggesting that using a polyol with more functionality, traces of unreacted IPDI are reduced, increasing the probability of formation of urethane bonds. Regarding the incorporation of Ch, at 1500X and 3500X magnification, the material shows a more rugged and irregular surface with increased Ch concentration. The surfaces showed the presence of disperse phase domains, possibly Ch (which is insoluble in the polyurethane matrix) (see arrows) on a PU continuous phase. Low miscibility among the mixture components was observed, and the Ch granule conserved its structure after incorporation, suggesting that it interacts mainly with the PU matrix through inter-molecular forces, such as hydrogen bonds, as reported in previous studies realized by Jayakumar & Sudha [26, 37] .
Morphology
Better chitosan distribution was observed for PO-PO.Ch1.0 than PO-CO-Ch1.0. Sample PU-CO-Ch1.0 (Figure 3c ) exhibited lower compatibility between chitosan and polyurethane than PU-PO-Ch1.0 (Figure 4c) , in which, Ch ceased to exist in a dispersed phase and began to form agglomerates that could reduce the possibility of forming hydrogen bonds with the PU matrix and increase the number of possible fracture sites according to studied by Liu & Webster (2010) and Ha & Broecker (2002) [46, 47] .
Hydrophilic Nature
The results of the contact angle experiments are shown in Figure 4 . For PUs synthesized from unmodified and chemically modified CO, the value of the contact angle is reduced with an increased concentration of incorporated Ch. This favours the hydrophilic nature of the surface of the PUs (p≤0.05). This result can be explained in terms of the hydrophilic nature of Ch, which has hydrophilic groups such as hydroxyl (OH) and amino ( NH) groups and is incorporated on a hydrophobic surface (the PU matrix) [48] . The results obtained agree with previous research by Kara et al. (2014 Kara et al. ( , 2015 [3, 20] , in which different concentrations of Ch are incorporated on PU matrices by covalent immobilization to improve the antibacterial activity of PUs. A greater reduction in the contact angle value via the incorporation of Ch was observed for PU-PO (102.93 ± 1.67 to 79.63 ± 4.25) compared to PU-CO (77.08 ± 2.50 to 69.86 ± 3.34) (p≤0.05), which agrees with a previous study by Kara et al. (2014) [3] .
PU-CO and PU-PO exhibit contact angle intervals of 69.86-77.78° and 79.63-102.93°, respectively. The PU-PO formulations are more hydrophobic than PU-CO, because of PU-CO samples have lower contact angle values with respect to PU-PO. According to the research carried out by Kong et al (2013) , the chemical structure of polyol has a significant effect on the material surface properties, for instance, the hydrophobic nature. Kong et al (2013) , suggest that hydrophobicity of polyurethanes could be improved from the increase in the functionality of the polyol, which could produce a better cross-linking density of the polyurethane [49] . According to Baheiraei et al. (2014) [50] , PU-CO and PU-PO with 1.0 and 2.0%w/w of Ch, respectively, could be useful in tissue engineering for soft and cardiovascular tissues, given that cell adhesion is favoured in materials with contact angles within an interval of 40-80° as they can exhibit good affinity for supporting cell growth. However, a direct relationship between the contact angle and cell affinity cannot be established.
In vitro Biocompatibility
L929 mouse fibroblast cells are commonly used in studies of the cytotoxicity of different materials because these cell lines are more sensitive to toxic effects than human fibroblasts [51, 52] . The cell viability of L929 mouse fibroblasts exposed to PU samples is shown in Figure 5 .
The incorporation of Ch was found to favour the viability of L929 fibroblasts when incubated with PUs for 24 hours, specifically PUs with 1.0-2.0% w/w. This can be explained in terms of the bioactivity of Ch, which is a biocompatible [53, 50] and hydrophilic material that favours the interaction between cells and materials obtained in this investigation [15] .
Regarding PUs synthesized from pure and chemically modified oil, fibroblasts exhibited higher cell viability when in contact with PU-PO compared to when in contact with PU-CO, specifically with concentrations of Ch between 1.0-2.0% w/w. This result can be explained in terms of the availability of Ch on the PU surface, as was observed in the SEM analysis. For PU-PO.Ch1.0, a better distribution of Ch granules on the PU surface was observed, likely resulting in the greater availability of biocompatible molecules (Ch) on the material's surface, improving its interaction with the L929 cells [54, 55] .
Because the viability values of L929 mouse fibroblasts did not fall below 70% when in contact with the PUs over the 24-hour incubation period, the PUs obtained in this study do not represent a risk for cell viability and can be used in biomedical applications, according to the ISO/CD 10993-5 standards.
Based on the in vitro biocompatibility assays and material characterizations, PU formulations obtained from castor oil and chemically modified by transesterification with pentaerythritol and concentrations of 1.0% w/w Ch have great potential for use in biomedical engineering, specifically in applications related to soft and cardiovascular tissues. These materials are non-toxic and exhibit mechanical properties similar to tissues such as the skin, the aorta, and cardiovascular tissues.
CONCLUSIONS
Polyurethanes were synthesized from pure and chemically modified (transesterification with pentaerythritol) castor oil, incorporating different chitosan concentrations (0-2% w/w) as additives to improve the hydrophilic nature and the in vitro biocompatibility of Polyurethanes. Chitosan incorporation does not significantly affect the mechanical properties of Polyurethanes synthesized from modified oil. None of the Polyurethanes present a cytotoxic risk for L929 mouse fibroblasts, suggesting that the Polyurethanes can be used (especially formulation PU-PO-Ch1.0) as materials in biomedical applications such as soft and cardiovascular tissue regeneration.
